Microalgae cultivated in waste water could contribute to increased biomass production at municipal waste water treatment plants. The biomass could be utilized for biogas production when co-digested with sewage sludge. In this paper previous published results on co-digestion of sewage sludge and microalgae are summarized and remaining knowledge gaps are identified. The available batch tests in literature mostly concern digestion at mesophilic conditions. Some of those tests indicate a synergetic effect for the co-digestion. Investigations at thermophilic conditions and of semi-continuous processes are scarce. The available results show good possibilities for co-digestion of sewage sludge and microalgae. Further investigations are needed to find optimal conditions for biogas production.
Introduction
Among the possible renewable energy sources biomass from microalgae is a promising resource. Compared to other biomass resources the growth rate is high and it can be cultivated without competition to food production on valuable land areas. An attractive process solution for municipal waste water treatment plants is to utilize algae for cleaning the water and in the same time produce biomass that can be used for increased biogas production by anaerobic digestion.
Experimental studies on co-digestion of sewage sludge and microalgae at different conditions including batch test and continuous tests are described in [1] [2] [3] [4] [5] [6] [7] [8] . Important issues for a full-scale plant are the possibility to maintain stable operation and optimal biogas production but also the digestate characteristics. The compositions of the substrates are important for achieving stable processes. Too low carbon and nitrogen (C/N) ratio can lead to high ammonia levels that inhibit the production of biomethane [3, 4, 6] . Another factor that can decrease the biomethane production is low availability of the substrates for the microorganisms, for example due to large particle size or cell wall resistance [3, 6] . Concerning digestate characteristics, the possibility to dewater the digestate, to recover nutrients (phosphorous and nitrogen) and low levels of metals and other possible harmful substances are important [5] [6] [7] . In [2] and [5] it was shown that co-digestion with microalgae enhance the dewaterability of the digestate.
In this paper experiences and results from previous studies on co-digestion of sewage sludge and microalgae both in batch and continuous tests at mesophilic and thermophilic conditions are addressed with special focus on the possibility to increase biogas production. The aim is to summarize and compare the results of previous studies, and identify remaining knowledge gaps.
Methods
The paper presents a compilation of significant literature in the area of microalgae as a co-substrate to sewage sludge for biogas production. Batch tests in both mesophilic and thermophilic conditions are included and compared. Possible synergetic effects are in focus and the biochemical methane potential (BMP) for the different co-digested mixtures calculated from the BMP test results of the single substrates are used to evaluate the synergetic effect. The enhanced yield is expressed as the ratio between the difference between the measured and calculated BMP of the mixtures and the calculated BMP obtained from results of mono-digestion of the respective substrate. When the available data allows, the theoretical methane potential is determined based on the content of lipids, carbohydrates and proteins calculated as described in [3] . The conversion efficiency is expressed as the ratio between the measured potential and the theoretical potential. When data for volatile solids (VS) degradation is available the conversion efficiency is instead expressed as the ratio between the amount of VS degraded and VS added.
Results from continuous digestion investigations are also collected and compared. Here the influence of the organic loading rate (OLR) and the hydraulic retention time (HRT) on the biomethane production and process stability are selected as factors for the evaluation.
Results

Characteristics
In Table 1 the characteristics of the substrates used in the different tests are shown. An advantage of co-digestion can be the possibility to achieve a better C/N ratio and better balance of nutrients and of fast degradable carbohydrates and slower degradable proteins and fats as mentioned in [9] . From the characteristics given for the different microalgae and sewage sludge (Table 1 ) it is not obvious that codigestion of microalgae and sludge can give those benefits since the C/N ratios and compositions of fats, carbohydrates and proteins are similar. Another possible reason for synergetic effects for co-digestion is better balance of essential trace metals (Se, Co, Mo and Ni) [5, 9] . In [5] it is shown that the microalgae (M3) contain more Co, Mo and Ni than the sludge (S2 and S3).
The second culture of microalgae (M2) is dried. Microalgae 3, 6 and 11 are frozen. Microalgae 10 and Sludge 9 are pre-treated thermally at 120 °C for 40 minutes. All other substrates are not pre-treated.
Batch tests
The results of the batch tests are presented in Table 2 and 3. The majority of the tests in mesophilic conditions indicate enhanced methane production, with enhancements up to about 20 %, when microalgae and sewage sludge are co-digested. However, the results are uncertain since standard deviations for some of the BMP tests are in the same order of magnitude as the identified enhancement. The highest values of For the microalgae, the biomethane production decreases in thermophilic conditions compared to the production in mesophilic conditions while sewage sludge digestion result in higher biomethane yields. The majority of the co-digestion tests at thermophilic conditions show negative enhancement values down to about -10%. Also in the thermophilic tests the variations are large with a BMP of 210 ± 78 Ncm 3 CH4 gVS -1 for the microalgae and a BMP of 318 ± 60 Ncm 3 CH4 gVS -1 for the different mixtures co-digested.
Continuous tests
The results of the continuous tests are presented in Table 4 . The working volumes in the continuous , -= data not available tests are 5, 7 and 1.5 dm 3 for test 1, 2 and 3, respectively [4, 1, 8] . In the continuous test no 2 a two-stage system is used including one stage of 2 dm 3 and a second stage of 5 dm 3 [1] . Varol and Urgulu [1] report lower variations in pH for the co-digestion test compared to digestion of the single substrates. This could be due to providing higher buffer capacity when co-digesting with microalgae as observed in [9] , where microalgae and corn silage were co-digested. The results from the * tests described in [4] but data not previously published,** OLR based on the total volume of the two-stage process.
second and third, but not the first, continuous test indicate a synergetic effect of the co-digestion. However, when the biomethane yield per reduced VS is considered a synergetic effect can be observed also in the first continuous test. The influence of OLR and HRT on the biogas production and process stability cannot clearly be seen. No one of the studies report on any major process instabilities but to better understand the process it is of interest to follow also other parameters than the biogas production, such as volatile fatty acids, ammonia and alkalinity.
Conclusions
Available investigations of co-digestion of sewage sludge and microalgae mostly concern batch tests at mesophilic conditions while investigations at thermophilic conditions and of semi-continuous processes are scarce. Synergetic effects of co-digestion of microalgae and sewage sludge at mesophilic conditions are indicated in both batch and semi-continuous tests. The available test results clearly show the possibility for co-digestion of sewage sludge and microalgae. Further investigations are needed to find operation conditions (proportions, loading rates and retention times) for optimal biogas production. For better understanding of the process, more studies following process parameters such as volatile fatty acids, ammonia and alkalinity as well as more analysis of the substrate and digestate composition are needed. In addition, the effect of microalgae implementation on waste water treatment has to be evaluated on a system perspective to identify the total mass balance of substrate, resulting biogas production and nutrient recovery.
